Abstract Phosphate accumulating organisms (PAOs) stained with 4′,6-diamidino-2-phenylindol dihydrochloride (DAPI) at polyphosphate probing concentration were sorted from enhanced biological phosphorus removal (EBPR) sludge by flow cytometric sorting. All the genome DNA was extracted from the sorted bacteria and the 16S rDNA genes were cloned. Cloned 16S rDNA was PCR-amplified and analyzed by restriction fragment length polymorphism (RFLP) analysis. Eighty eight clones were analyzed and the RFLP patterns which appeared more than twice were classified into seven groups. The most dominant group (Group 1) contained four clones and accounted for 4.5% of the total clones. Four groups (from Group 2 to Group 5) contained three clones. Group 6 and 7 consisted of two clones. Sixty-eight clones gave unique RFLP patterns. By sequencing 16S rDNA in seven groups, Group 1, 2 and 5 were Rhodocyclus relatives (11%, 10/88). Rhodocyclus relatives were suggested to be one of the bacteria responsible for EBPR in this sludge. Groups 6 and 7 were related to b-or g-Proteobacteria. Group 4 belonged to e-Proteobacteria. Group 3 was related to green nonsulfur bacteria. Considering the complex RFLP pattern and the existence of the groups not related to Rhodocyclus by sequence analysis, in this EBPR system, together with Rhodocyclus relatives, some other bacteria might also play a role as PAOs.
Introduction
Phosphorus is one of the nutrients which cause the eutrophication of water environments. Control of the access of phosphorus to the aquatic environment is widely used as a eutrophication control strategy (Lee et al., 1978) . Phosphorus can be successfully removed from wastewater either by chemical precipitation or enhanced biological phosphorus removal (EBPR). EBPR systems have an economical advantage because of their lower sludge production and lower usage of chemicals (Toerien et al., 1990) . EBPR systems consist of an anaerobic basin and an aerobic basin. In an anaerobic basin, substrates are taken up by an activated sludge and phosphate is released from the sludge, and in a subsequent aerobic basin, phosphate is taken up into the sludge. Phosphate accumulating organisms (PAOs) are thought to play an important role in these biological phosphorus removal systems (Mino et al., 1998) . Many studies were done on PAO's (Fuhs and Chen, 1975; Nakamura et al., 1991; Sante et al., 1997; Kawaharasaki et al., 1999) . In recent research by Crocetti (2000) , bacteria closely related to Rhodocyclus and Propionibacter were shown to be an important group of PAOs in EBPR systems. However, other distinct PAOs may also contribute to EBPR. Further elucidations of PAOs are still necessary.
DAPI (4′,6-diamidino-2-phenylindol dihydrochloride) is a fluorescent dye usually used for DNA staining. Stained bacteria have blue fluorescence. When DAPI is used at a high concentration (50 µg/ml), it also stains polyphosphate granules called "volutin" (Streichen et al., 1990) . Stained polyphosphates have a fluorescent maximum at 525 nm (Tijssen, 1982) . Therefore by staining PAOs with DAPI at polyphosphate probing concentration, PAOs having bright yellow fluorescence can be easily differentiated from other bacteria with blue fluorescence in EBPR activated sludge. Flow cytometory (FCM) is a powerful tool for bacterial sorting (Wallner et al., 1997) . In this study, FCM was used for rapid sorting of the bacterial cells stained with DAPI. PAOs were successfully separated from the EBPR activated sludge by using FCM. 16S rDNA from sorted bacteria were cloned and RFLP analysis was done. The partial sequences of 16S rDNA in major RFLP patterns were determined.
Materials and methods

Reactor operation
The 2.5-l polyacrylamide cylinder (inner diameter, 10 cm; depth, 36 cm) with working volume of 1.8 l was used for the development of EBPR sludge. The reactor was operated in a cycle with three distinct periods, namely an anaerobic period (60 minutes), an aerobic period (90 minutes) and a period allowing the sludge to settle and to replace 0.9 l of the supernatant by fresh medium containing acetate (177 mg/l), peptone (55 mg/l) and mineral salts. The sludge retention time was controlled in 20 days, and the sludge concentration remained between 4 and 5 g dry weight/l. The total 200 organic carbon (TOC) loading was 0.4 kg C/m 3. d. When the influent C:P ratio was 100:5, the reactor showed good phosphate removal. The average P-content of the sludge was about 5%.
Sampling and staining of sludge
Three ml of mixed liquor was taken from the reactor, centrifuged (3,000 rpm, 10 min) and suspended in 5 ml of TE buffer solution (100 mM EDTA, 100 mM Tris-HCl, pH 7.2). After 5 seconds of sonication (20W, Handy sonic model UR-20P, Tomy, Japan) the dispersed sludge was centrifuged and stained in 5 ml of DAPI solution (50 µg/ml in 25 mM Tris-HCl solution, pH 8.0) for one minute. After removal of DAPI solution by centrifugation, the sludge was suspended in 5 ml of TE buffer and sonicated for 5 seconds. Then 15 ml of the TE buffer was added to the sludge suspension and the suspension was filtered through filter paper (No. 1, Toyo Roshi Kaisya, Ltd.) and kept in ice until flow cytometric sorting. Before flow sorting, the sample was further purified through a gauze filter (Falcon type 2235 tube with 35 µM strainer cap, Becton Deckinson Labware, Franklin Lakes, N. J.) to remove large cell aggregates.
FCM
FCM sorting was performed with a EPICS ® ELITE ESP (Beckman Coulter K. K., Tokyo, Japan) equipped with a helium-cadmium UV laser (325 nm emission, 20 mW). The forward angle scatter and the bright yellow fluorescence of DAPI stained cells were measured. Yellow fluorescence was collected through a 550 nm long-pass dichroic filter and a 525 nm band-pass filter. The two parameters were acquired in the acquisition analysis mode as a pulse height scale. The system threshold was set in the forward scatter allowing analysis even of the smallest cells in the sample. Data were analyzed by using Coulter EPICS ® ELITE software. Sort criteria were defined by drawing a rectangular gate (A in Figure 1 ) in two-dimension histogram (Figure 1) . In order to check if the selected population really included the desired type of cells with yellow fluorescence, the gated cells were first sorted directly onto a microscopic slide. After epifluorescent microscopic observation, sorted cells were collected in a sterile 1.5-ml tube.
DNA extraction, PCR and cloning DNA was extracted from approximately 10 4 cells by using a DNA extracting kit M. Kawaharasaki et al. (ISOPLANT, Wako Pure Chemical Industries, Ltd., Osaka, Japan) according to the manufacturer's specification. Amplification of purified DNA was carried out with bacterial primers (forward primer, 5′-AGAGTTTGATCCTGGCTCAG-3′, corresponding to nucleotide positions 19 to 38 of the Escherichia coli rRNA position and reverse primer, 5′-ACGGGCGGTGTGTACAAG-3′, corresponding to E. coli positions 1389 to 1406). Amplification was done according to the general guidelines provided by the manufacturer. The 20-µl reaction volume in a glass capillary contained 2 µl of LightCycler™-DNA Master SYBR Green I mix (Taq DNA polymerase, reaction buffer, deoxynucleoside triphosphate (dNTP) mix, and SYBR Green I dye), 2 mM MgCl 2 , 1 µM concentration of each primer, 1.3 µl of TaqStart antibody (ClonTech, Palo Alto, Calif.), and 4 µl of extracted DNA. To reduce the PCR bias, the amplification of PCR product was monitored by using LightCycler™, and the PCR reaction was stopped before saturation (34 cycles, data was not shown).
RFLP and sequencing
All amplicons were cloned with a DNA ligation kit (Takara Shuzo Co., Ltd., Tokyo, Japan) using E. coli strain DH5α (Toyobo Co., Ltd., Osaka, Japan) as a competent cell. Direct amplification of plasmid DNA from positive clone was done in the following conditions: initial denature (95°C for 9 min) followed by 35 cycles of denaturation (94°C for 1 min), annealing (50°C for 1 min), and extension (72°C for 2 min). Primers were 5′-GTTTTC-CCAGTCACGAC-3′ (M13 forward primer) and 5′-GGAAACAGCTATGACCATG-3′ (M13 reverse primer). The final reaction volume was 20 µl, and 0.5 µM (each) primer, 200 µM dNTP, 1.5 mM MgCl 2 , 2 µl of 10× Taq buffer. The fragment size of these amplicons was checked by electrophoresis in 1% agarose. PCR product of the expected size (about 1,400 bp) was digested by HaeIII or HhaI (Wako Pure Chemical Industries, Ltd., Osaka, Japan) according to the manufacture's instructions. Restriction fragments from each clone were separated by electrophoresis on a 3.5% (wt/vol) Metaphore agarose gel (FMC, Indianapolis, Ind.) in fresh TBE (1 × Tris-borete-EDTA). RFLP patterns were grouped visually, and the clones included in the groups were selected for sequencing. Partial-length sequences were determined by the automated sequencer (PerkinElmer Japan Co., Ltd., Yokohama, Japan). An ABI PRISM ® Big Dye terminator sequencing kit (PE Biosystems, Chiba, Japan) was used for sequencing as per the manufacturer's instructions with primer 500r (5′-GTATTACCGCGGCTGCTGG-3′, E. coli positions 536-518). Analysis of the sequences was performed by the Ribosomal Database Project (Maidak et al., 1997) . The 16S rDNA sequences obtained were aligned by the Clustal W program (Thompson et al., 1994) .
Results and discussion
Sorting of PAOs
About 10 4 cells were collected by the flow sorting. Almost all the isolated cells fluoresced bright yellow under epifluorescent microscopic observation immediately after sorting (Figure 2 ). Although the cell sorting was performed to collect bacteria with bright yellow fluorescence, some bacteria (less than 10% of observed cells) had only blue fluorescence probably because of the fading of fluorescence or the separation of cells attached to PAOs after sorting.
RFLP analysis
Eighty eight clones were obtained and the RFLP patterns which appeared more than twice were classified into seven groups. The most dominant group (Group 1) contained four clones and represented 4.6% of the total clones (Figure 3 ). Groups 2 to 5 and Groups 6 and 7 consisted of 3 and 2 clones, respectively. Group 1 and Group 2 had almost identical RFLP patterns except for several extra smaller bands found in Group 2. Sixty-eight clones (77% of total clones) gave unique patterns. RFLP analysis showed a large diversity even in the sorted cells.
Sequencing 16S rDNA's from clones in the seven groups were sequenced (Figure 4 ). All sequenced clones belonging to Groups 1, 2, and 5 were closely related to Rhodocyclus tenins. The total percentage of Rhodocyclus relatives to all the clones was about 11% (10/88). Groups 6 and 7 were related to b-or g-Proteobacteria. Group 3 belonged to e-Proteobacteria. Group 7 was related to green nonsulfur bacteria. In this study, the number of Rhodocyclus relatives was highest. From our study, we cannot conclude that Rhodocyclus relatives were the most dominant of the PAOs in this sludge because of the PCR bias (Suzuki and Giovannoni, 1996) , however, it is likely that Rhodocyclus relatives were one of the bacteria responsible M. Kawaharasaki et al. 142 Figure 2 Epifluorescent microscopy of sorted cells. The bar is 10 µm. All the cells in this photograph fluoresced yellow. The cells fluorescing blue did not appear in this photograph because of relatively weaker fluorescence for EBPR in our reactor. Judging from the complex RFLP patterns shown in Figure 3 , some other bacteria may also contribute to EBPR together with Rhodocyclus relatives. Further research is needed to understand the microbiology in EBPR. 
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Paracoccus dentrificans Rhodocyclus tenui Figure 4 Phylogenetic analysis of partial 16S rRNA from 7 groups in 88 clones. Sequences of 2 clones in group 2 and group 3 were not determined
